The cross wire projection welding of wires (Al 5182, =4 mm) performed using the conventional (i.e. pneumatic) electrode force system was subjected to thorough numerical analysis. Calculations were performed until one of adopted boundary conditions, i.e. maximum welding time, maximum penetration of wires, the occurrence of expulsion or the exceeding of the temperature limit in the contact between the electrode and the welded material was obtained. It was observed that the ring weld was formed within the entire range of welding parameters. The process of welding was subjected to optimisation through the application of a new electromechanical electrode force system and the use of a special hybrid algorithm of electrode force and/or displacement control. Comparative numerical calculations were performed (using SORPAS software) for both electrode force systems. Technological welding tests were performed using inverter welding machines (1 kHz) provided with various electrode force systems. The research also involved the performance of metallographic and strength (peeling) tests as well as measurements of welding process characteristic parameters (welding current and voltage).
Introduction
Force is one of the three primary technological parameters of a welding process. The other two parameters are the value of current and the time of current flow. During cross wire projection welding (particularly of aluminium alloys) in a conventional application i.e. using a pneumatic force system, it is very difficult to make a weld with a full weld nugget. The pneumatic force system is characterised by high inertia
and cannot be applied changes in force are or must be fast. For this reason, the value of pre-set force is usually constant. If the force is excessively high, the high deformation of welded elements (wires) may occur as a result. If the force is overly low, the formation imperfections of a projection joint (high temperature in contacts, expulsion) may follow [1] . In the pneumatic system, force applied during welding results from specific force pre-set by a pneumatic cylinder. The displacement of electrodes results from the action of this force and of the changeable mechanical resistance of materials being welded.
An alternative solution requires another method enabling the exerting of force on materials subjected to welding [1] [2] [3] [4] [5] [6] . In publication [1] , the authors emphasize the growing popularity of the servomechanical (electromechanical) system and an advantage involving an increase in an electrode displacement rate during welding. Publication [2] informs about the possible extension of the window of technological parameters, improving the weldability of materials. Work [3] refers to the possible modulation of force and its fast changes, particularly at the end of the process of welding. Gould [4] emphasized an increase in electrode service life in spot resistance welding and the use of servomotors in the riveting technology. Work [5, 6] stated that theelectromechanical (servomechanical) system Publication [6] enumerates other advantages of the electromechanical system including i) superior (faster) operation of a welding gun (servo) in space, ii) greater repeatability of force, iii) reduced noise, iv) shorter welding time and v) shorter movement during the closing and opening of the electrodes, extending the service life of mechanisms.
In the solution analysed in this paper, i.e. involving the use of the electromechanical force system, the displacement of electrodes is pre-set and resultant force depends on the displacement of electrodes and the resistance of the deformation of a contact area being heated. Available reference publications do not contain information concerning such a method of electrode movement control as the method presented in this study.
The authors of publications [7, 8] describe a new control system and the results of its operation, particularly visible in projection welding. Publication [7, 9] presents a new control system used during the welding of sheets with an embossed projection. Another application of the new solution, i.e. cross wire welding is presented in publication [10] . Publications [7] [8] [9] [10] present an entirely different solution, i.e. the slowing down of the displacement of an electrode during the projection welding of sheets with an embossed projection. This approach is new and characterized by advantages which are worth a mention.
The above-named idea can be used in another projection welding technology, i.e. cross wire welding. It is possible to reduce the penetration of wires and to generate more energy in the most desirable place, i.e. in the contact area between wires. The new idea of electrode displacement control significantly changes the previous approach to the course of the resistance welding process (projection cross wire welding) and significantly affects the development of the entire research area (pressure welding).
The article constitutes a fragment of greater research, where the process of welding is analysed in respect of the application of variable electrode force or electrode displacement control. The new method of control is performed using the electromechanical force system. Research-related tests described in the article involved the use of the SORPAS 3D computational model.
FEM Calculations
The research-related FEM calculations were conducted using the SORPAS 3D software model [11] . Figure 1a ; such a weld is referred to as a ring weld. As can be seen, the material in the central part of the weld is not molten (Figure 1b) . 
Calculation Model
The 3D model used when performing numerical calculations of the resistance projection cross wire welding is presented in Figure 2 . The model-related Table 2) .
ii) electrodes grade A2/2 CuCrZr ( Table 3) , 
Process Parameters
On the basis of related standards and instructions, the following welding parameters were assumed: i) current intensity I=8/9/10/11/12kA, up-slope 3ms + main welding time (maximum) 60 ms [12] [13] [14] , ii) force The numerical optimisation of the process was performed in relation to the electromechanical force system and lower values of welding current analysed in relation to the pneumatic system (8/9/10kA). The numerical calculations were performed until one of the (six) previously adopted boundary criteria was obtained. 
Calculation results related to the pneumatic system
The results of numerical calculations in relation to the pneumatic force system are presented in Figure 3 and in Table 5 .
The numerical calculation results are presented in spatial charts developed using the Statistica software programme [15] . Table 5 (a-d). Table 5 (e-g) contains the following additional information concerning:
-obtained criterion (Table 5e) -weld nugget volume (Table 2g) . The results presented in Table 5 supplement the information concerning the course of the variability of characteristic parameters presented in Figure 3 . The conclusions based on the analysis of the results presented in Figure 3 and Table 5 are the following:
No
maximum obtainable weld nugget diameter amounted to 1.5 mm (Table 5a - (Table 5g -parameter field 4). In relation to such welding parameters, the value of welding energy was relatively low (Table 5d - However, the most important issue was the failure to satisfy the primary criterion, i.e. the nominal weld nugget diameter, set at 1.6 mm and the obtainment of the full weld nugget. In addition, Table 5 The results presented in Figure 5 were obtained on the basis of calculations performed using the SORPAS 3D model.
Experimental Verification
Experimental tests were performed using test rigs The numerical calculation results were verified experimentally. The experimental tests were performed in relation to the nine variants presented in Table 4 and concerning the pneumatic force system. Destructive (peeling) tests confirmed the formation of a ring weld in each of the variants (P1 through P9). None of the variants related to the pneumatic force system satisfied the previously assumed criteria. Variant P5 was considered as the closest to the most favourable welding conditions. Further technological welding tests (Table 6: variant PE1, PE2) were performed in relation to parameters similar to variant P5 ( Table 4 ). The results concerning the preset parameters and the parameters characteristic of technological welding tests in relation to the pneumatic force system (variant PE1 and PE2) are presented in Table 6 , whereas the results in the form of a joint structure are presented in Figure 8a . (Table 7 : variant EE1 and EE2). The results concerning the preset parameters and the parameters characteristic of technological welding tests in relation to the electromechanical force system are presented in Table 7 , whereas the results in the form of a joint structure are presented in Figure 8b . Key: I rms -root-mean-square current EE -electromechanical experiment Table 7 . Preset parameters and parameters characteristic of the electromechanical electrode force system 
